Abstract. This paper presents an overview of how the lightning strikes and their effects on power distribution systems can be modeled, where the results give a clear picture of how to eliminate the devastating impact, caused by lightning, by using lightning arresters. The program ATP-Draw (Alternative Transient Program) was used to simulate the problem and was applied on a part of a power network.The simulation was done once when the lightning strikes a transmission line and a substation with no lightning arresters in use and once more with their use. The source of the lightning was represented by the ATP models (Type-15 surge function and Type-13 ramp function) and the surge arrester was represented by the MOV-Type 92 component. The voltage was recorded at the substation 110/22 kV and at all loads in the electric network, and was drawn by the PlotXWin program. The results obtained indicate that the voltages induced by the lightning can reach values of the order of millions over insulation flashover levels for 22 kV equipment, where is clearly seen in Fig. 9 to Fig. 13 and Tab. 10, which requires the installation of lightning arresters.
Introduction
Lightning is the most frequent cause of overvoltages on distribution systems. Basically, lightning is a gigantic spark resulting from the development of millions of volts between clouds or between a cloud and the earth.
It is similar to the dielectric breakdown of a huge capacitor. The voltage of a lightning stroke may start at hundreds of millions of volts between the cloud and earth. Although these values do not reach the earth, millions of volts can be delivered to the buildings, trees or distribution lines struck. In the case of overhead distribution lines, it is not necessary that a stroke contact the line to produce overvoltages dangerous to equipment. This is so because "induced voltages" caused by the collapse of the electrostatic field with a nearby stroke may reach values as high as 300 kV [1] .
Lightning is classified as a transient event.
In order to understand the effect of lightning, it is best to acquire some knowledge as to what lightning is, how it is caused, and where it is most likely to occur [2] . The amount of energy contained in a lightning stroke is very high and it can be extremely destructive, even a single stroke to a distribution line can be sufficient to cause a blackout throughout a feeder.
Lightning is the main reason for outages in transmission and distribution lines [3] . When lightning strikes a power line, it is like closing a "big switch" between a large current source and the power line circuit. The sudden closing of this "big switch" causes an abrupt change in the circuit conditions, creating a transient. There is also the case when the lightning strikes the vicinity of the power line and the large magnetic field generated from the lightning current cause mutual coupling between the power line and the lightning. The event alters the conditions of the power line circuit, as a result, produce an electrical transient [4] .
The study of lightning strokes in power lines is very important because it is known that lightning does strike the same structure over and again. This can be a very serious problem for power lines, typically, the highest structures located in high incidence lightning regions. Any structure, no matter its size, may be struck by lightning, but the probability of a structure been struck increases with its height [5] . Very close dart leaders can make as significant a contribution as return strokes in inducing voltages and currents on power systems [6] .
Explanation of a Lightning
The duration of the lightning stroke is usually less than a couple of hundred microseconds as shown in Fig. 1 . The industry accepted 8 × 20 current wave shown in Fig. 1 as a reasonable approximation of a lightning surge [2] . Cloud to ground flashes are composed of a single stroke or a multiple number of component strokes. Multiple stroke flashes have 3 to 4 strokes. The strokes are typically 40 to 50 ms apart. The typical lightning peak currents measured at ground range from 10 kA to 20 kA, but occasionally they range up to hundreds of thousands of amperes [5] . The peak current is reached in a few millionths of a second, and then it decreases in a thousandth of a second or so unless continuing current flows. Lightning flashes which contain continuing currents are called hot lightning. The continuing current lasts for one or two tenths of a second and has a typical peak value of 100 A. Hot lightning ignites fires. The lightning that does not contain a continuing current is called cold lightning and it does not set fires, but it is very destructive [5] .
Lightning current magnitude is one of the most important lightning parameters, but the subject of lightning current magnitudes is controversial and confusing. Most experts agree that the stroke currents have been measured in excess of 200 kA, while almost all of the national and international standards on lightning protection are based on lightning current measurements made in Switzerland and usually described by the median value and standard deviation or by 5, 50, and 95 % values as shown in Tab. 1 [7] . 
Lightning Prevention
Lightning rods are used as prevention mechanisms to avoid lightning hitting tall buildings or houses where lightning incidence is high, but no lightning rod can offer absolute protection [5] . A lightning rod protection system has three main parts:
• The rods on the top of the protected structure.
• The wires which connect the rods together and those which run down the sides of the structure to the grounding arrangement.
• The grounding arrangement.
To protect high voltage transmission lines from lightning, the metallic rods and wire conductors are replaced by a system of wires suspended between tall towers arranged around the structure. These grounded wires are strung above the high voltage lines to intercept strokes that would otherwise hit the power lines [5] .
If a lightning stroke hits a power line, the only way to protect it is using a lightning arrester (LA). The lightning arrester is a non-linear device that acts as an open circuit to low potentials, but conducts electrical current at very high potentials. When lightning strikes a line protected with a lightning arrester, the non-linear resistance draws the current to ground. One of the most common lightning arresters is the MOV (Metal Oxide Varistor) [8] . The MOV has a piece of metal oxide that is joined to the power and grounding line by a pair of semiconductors. The semiconductors have a variable resistance dependent on voltage. When the voltage level in the power line is at the rated voltage for the arrester, the electrons in the semiconductors flow in a way that creates a very high resistance. If the voltage level in the power line exceeds the arrester rated voltage, the electrons behave differently and create a low resistance path that conducts the injected lightning current to the ground system.
Types of Surge Arresters
Surge arresters used for protection of exterior electrical distribution lines will be either of the Metal-Oxide Surge Arrester (MOSA), with resistors made of zincoxide (ZnO) blocks, or gapped type with resistors made of Silicon-Carbide (SiC). Expulsion type units are no longer used.
Metal-oxide (MO) surge arresters are widely used as protective devices against switching and lightning over-voltages in power systems. The distinctive features of the MO arresters are their extremely non-linear voltage-current or V-I characteristic, ignorable power losses, high level reliability in the operation time, high speed response to the over-voltages, simplicity of design, easier for maintenance and long life time. Accurate modeling and simulation of their dynamic characteristics are very important for arrester allocation, systems reliability and insulation coordination studies [9] , [10] , [11] . For switching over voltages studies, the surge arresters can be represented by their nonlinear V-I characteristics (or U-I characteristics). However, such a presentation would not be suitable for fast front transient and lightning surge studies. Because the MO surge arrester exhibits dynamic characteristics such that the voltage across the surge arrester increases as the time-to-crest of the arrester current decreases and the voltage of arrester reaches a peak before the arrester current peaks [9] . Typically, the residual voltage for an impulse current having a front time equal to 1 µs is 8-12 % higher than that of predicted for an impulse current having a front time equal to 8 µs. The residual voltage for longer time-to-crests between 45 and 60 µs, is 2-4 % lower than that of a 8 µs current impulse [11] . In order to reproduce the MO surge arrester dynamic characteristics mentioned previously, a lot of researches have been done on modeling and simulation of MO surge arresters [11] . A dynamic model has been presented based on the data base of [9] for fast impulse currents (time-to-crest of 0,5-4,5 µs). To estimate the model parameters, an iterative trial and error procedure has been proposed, which matches the peak of discharge voltage obtained with 8 × 20 µs impulse current.
Surge Arrester Models
The IEEE WG 3.4.11 group proposed the model shown in Tab. 2 (IEEE model). This model includes the nonlinear resistors, designated by A 0 and A 1 , separated by RL low pass filter [9] , where their parameters are calculated from the estimated height of the arrester, the number of columns of MO disks and the curves shown in Fig. 2 .
The model in Tab. 2 (Pinceti model) has been proposed by Pinceti-Gianettoni [10] . This model is based on IEEE model with some differences. The capacitance is eliminated, since its effect on model behavior is negligible. Resistance R (about 1 MΩ) replaced between the input terminals, only to avoid numerical troubles. Resistance R 0 stabilizes the numerical oscillations and the nonlinear resistors A 0 and A 1 can be estimated by using the curves shown in Fig. 2 The model proposed by Fernandez-Diaz [12] , shown in Tab. 2 (Fernandez-Diaz model), has recently been developed which is recommended by IEEE W.G. 3.4.11 and Pinceti model. The non linear resistors A 0 and A 1 are connected in parallel and separated by inductance L 1 . Capacitance C is the value of terminal to terminal of capacitor and the resistor represents of arrester which has the value of the whole resistance of 1 MΩ.
Other models are developed and simplified such as a Popov model for switching studies, and its parameters can be estimated by an iterative trial and error procedure, proposed in [13] , and a CIGRE model [14] .
6.
Parameters of A 0 and A 1
To define non-linear parameter resistors, A 0 and A 1 the reference from the committee of IEEE W.G. 3.4.11 is used. The experiments obtain the characteristic curves of current and voltage of both non-linear resistors as shown in the curves in Fig. 2 [10] or in Tab. 3 below [9] . Tab. 3: V-I characteristics for A 0 and A 1 . 
Ur is the rated voltage Ur is the rated voltage
U r1/T 2 is the residual voltage at 10 kA U r8/20 is the residual voltage at 10 kA
fast front current surge (1/
and performs an exponential fitting in the log-log domain to produce the required ATP data format. In this paper, the surge arrester conventional model was represented by a nonlinear resistor (model Type-92 from ATP). This model provides a true representation of the nonlinearity of the varistor through a piecewiselinear characteristic of current and voltage [15] . In this model, the dynamic characteristic of the surge arrester is not taken into account. The voltage peak occurs in the same time of current peak, even for current waveforms which the peak is in the range of 8 µs and faster.
Test System
For the simulation of the impact of lightning strikes on electric power systems, a test system was assembled by ATP-Draw version 4.2p1. The system, Fig. 3 , corresponds to a part of a power network 22 kV fed from the supply network 110 kV with a short-circuit power SK"= 1500 MVA via the transformer T1. The main transmission line1 is about 60 km long and the branches lengths are as shown in Fig. 3 below. The lightning flash was based on the cold lightning flash and it is composed of three sequential spikes with different magnitudes. The first stroke is about 10 kA with duration of 0,6 ms, the second subsequent stroke has a magnitude of 5 kA and the third of 3 kA and both with duration of 0,3 ms.
ATP-Draw Modeling
The supply network is represented by the source of voltage with amplitude equals to Eq. (3) [14] and it's internal impedance (R = 0, 803 Ω, L = 25, 56 mH) calculated from the short-circuit power SK". The model of the supply network by ATP-Draw was AC3ph-Type 14 (Steady-state (cosinus) function 3 phase). 
The transformers are modeled by the ATP-Draw model BCTRAN. The other values: number of phases: 3, shell core, test frequency 50 Hz and the connection is Ynyn (voltage divided by √ 3).
• • Loads 1 and 2 are equivalent to industrial loads, where load1 is about 4,5 MW, 2,5 MVAr and load 2 is about 3,8 MW, 2 MVAr. Assuming that the transformer T2 is full loaded, the power factor is 0,95 and load 2 is consisting in a load of some residential areas and was measured as 0,380 MW, 0,120 MVAr. Load is modeled by the standard component RLC 3. The parameters are calculated as following [16] without C, and the values are listed in Tab. 6.
Tab. 6: The parameters of the transmission lines.
[ • The lightning flash is implemented in ATP-Draw using three shunt connected ideal current sources. The first stroke, represented in Fig. 5 , was simulated using a Type-15 surge function [17] . This function is suitable and given by:
The constants amplitude, A and B were selected to provide a surge value of 10 kA for the duration of 0,6 ms. Constants values are presented in Tab. 7. The second and third strokes were simulated by Type-13 ramp functions of 0,3 ms duration with 5 kA and 3 kA amplitude, respectively. The values for the functions are listed in Tab. 8. Figure 6 shows the simulated lightning flash as simulated in ATP-Draw. • Lightning arrester is modeled by MOV-Type 92 component [15] . The used lightning arrester was identical ABB Surge arrester POLIM-D, distribution class heavy duty, designed and tested according to IEC 60099-4. The thermal stability of the MO-surge arrester is proved in the operating duty test with the application of one high current impulse I hc = 100 kA, which gives an energy input of 3,6 kJ/kV (U c ) and its characteristics were taken from manufacturer datasheets [18] . Arrester residual voltage curve is shown in Fig. 7 .
Tab. 9: Aresster characteristics. 
Max. continous operating voltage
22 Uc (kVcrest) Rated Voltage Ur 27, 5 kV (rms) Residual voltage (Ures) in kV 1 kA 2,5 kA 5 kA 10 kA 20 kA (crest) at specified discharge current (crest) 64 67,8 71,7 77 87,4 wave 8/20 µs Temporary t = 1 s, UT OV = 1, 325 × Uc overvoltage t = 3 s, U T OV = 1, 300 × Uc (TOV) U T OV t = 10 s, U T OV = 1, 275 × Uc
Simulation Results and Discussion
In this study two different cases will be analysed, case with no lightning arresters installed and another with them. Case 1 has three scenarios of contact locations marked as 1, 2 and 3 described as follows, while case 2 will be applied just for the worst scenario that may occur in the simulation:
1. Lightning hits the phase A at the substation 110/22 kV -secondary side.
2. Lightning hits the phase A at the middle distance between the transmission towers, about 20,04 km far from the substation 110/22 kV.
3. Lightning hits the phase A at the far end of the main transmission line 1.
The two line end cases were simulated to investigate the effects of a lightning strike directly to the loads, while the centre case was simulated to assess the propagation of the induced lightning surge across the line. The ATP scheme of the power network is shown in Fig. 8 below for scenario 1. 
Case 1
As expected, the impact is destructive for cases without lightning arresters. The severity is enough to guarantee insulation failure on line structures and damage to connected equipment. The voltage waveforms after the lightning are shown in the figures below for phase A and for the three scenarios (waveforms are overlapping on each other). The maximum recorded voltages, caused by only the first strike, are listed in Tab. 10.
It is notable from the above results, that the voltages induced by the first stroke can reach values of the order of millions. Maximum registered voltages at the network for the three scenarios are clearly over insulation flashover levels for 22 kV equipment (22 kV/150 kV BIL, 110 kV/550 kV BIL). The basic impulse level (BIL) of the transformer measures its ability to withstand these surges [1] .
It should be taken into consideration one interesting detail, reflections along the feeder are able to amplify the surge, thereby, producing higher voltages into the feeder. That can be seen from Tab. 10, where the max- 
10.2.
Case 2
In such study it is intended to include lightning arrester installations to avoid the destructive effects of lightening. Referring to the results in Tab. 10, scenario 3 produced the maximum voltages and the figures after lightning arrester installations will be shown just for this scenario, also Tab. 11 shows the changes of the results, shown in Tab. 10 for this scenario, after using lightning arrester.
Determining the optimum locations for transmission line arresters is not a simple task. If no arresters are installed on a line, it is a well known fact that with a direct strike to a phase conductor, there is a 100 % probability of an insulator flashover. It is also a fact that if arresters are installed on every phase of every tower, a direct strike to the shield or phase conductor will result in 0 % probability of an insulator flashover [18] .
After several tries of simulations, lightning arresters in the substation 110/22 kV, all loads and one LA about 1 km far from the end point of line 1 were installed as shown in Fig. 8 . The results of the simulation are as follows: The results give a clear view of the lightning arresters ability to immediately reduce lightning impact on the power system. All figures show greatly decreased voltage peaks, but it must be taken into consideration that these results depend on the placement of the lightning arresters across the network as described previously. All values are within flashover and BIL ratings of the network equipment (22 kV/150 kV BIL). However, voltage magnitude at the point of the lightning contact is still of astronomical proportions (namely 1,796 MV, see Fig. 18 . Magnitudes of this proportion are still able to cause flashover and surely the destruction of the adjacent distribution poles [4] .
Energy dissipated by the arresters is shown in Fig. 19 and Fig. 20 . As is illustrated in Fig. 19 , maximum dissipated energy reached the value 2,9 kJ at load 2. This value is within the maximum allowable energy dissipation for the arrester model, namely 79,2 kJ (max. 3,6 kJ/kV (U c ) where U c = 22 kV). A point of concern though, is the energy dissipation of the arrester close to the point of impact. The curve shown at Fig. 20 illustrates that the first stroke will cause arrester failure, where the maximum dissipated energy reached 114,07 kJ. Because of this, if such an event could happen in the power system, higher energy class arresters are required, otherwise, the arresters must be replaced after such events.
Choosing an arrester rating for a distribution system is based on the system's line-to-ground voltage and the way it is grounded [1] . The limiting condition for an arrester does not usually have anything to do with the magnitude of the surges (switching or lightning) that it might see. This is in contrast to the selection of arresters for transmission.
An arrester usually has a limited protective zone of only a few meters to up to several ten meters, where the protective zone is defined as the maximum separation distance for which the insulation coordination requirements are fulfilled for a given arrester protective level and coordination withstand voltage (IEC 60099-5, subclause 4.3.1). Arresters, therefore, should be installed as close as possible to the device to be protected. 
Conclusion
In this paper, the effects of a lightning strike is simulated and analyzed by the ATP-Draw. A multiple stoke lightning flash was successfully simulated in ATP by using surge function and ramp functions. The lightning was used to investigate the impact of such transient phenomena in power systems.
Results obtained by this study, show how dangerous the lightning on electrical systems is. The voltages induced by the lightning reached values of the order of MV (see Tab. 10), which are clearly over insulation flashover levels for 22 kV equipment (22 kV/150 kV BIL). That is very detrimental for system performance and exposes loads and devices to unnecessary overvoltages which may cause insulation flashovers and device failures.
The results establish the need for lightning protection by using lightning arresters. The lightning arrester was represented by the ATP MOV-Type 92 component. This conventional model cannot represent the capacitive behavior (only the resistive behavior) of the MOSA, which occurs whenever it is excited by a voltage below of the rated voltage. Therefore the results of energy absorption at voltage operation were divergent. Nevertheless such study can be made to identify a different arrester model more suitable for the power systems.
